Abstract: High-power electronics in the transportation and aerospace sectors need size and weight reduction. Multifunctional and multistructured materials are currently being developed to couple electromagnetic (EM) and thermal properties, i.e., shielding against electromagnetic impulsions, and thermal management across the thermal interface material (TIM). In this work, we investigate laser-machined patterned carbon nanotube (CNT) micro-brushes as an alternative to metallic structures for driving simultaneously EM and heat propagation. The thermal and electromagnetic response of the CNT array is expected to be sensitive to the micro-structured pattern etched in the CNT brush.
Introduction
Multifunctional materials are expected to solve the challenge of size and weight reduction of on-board electronic hardware designed for railway, airborne, and space technologies: thermal interface materials or filled materials are used to manage the thermal heat hotspot dissipations and electromagnetic (EM) absorbers are aiming to protect devices against EM radiation from neighboring communication systems. Various periodic structures such as arrays of metallic wires, have been developed for more than 10 years
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for EM applications from 100 MHz up to THz and optical range [1, 2] . They belong to a particular class of metamaterials, aiming at driving EM propagation in some unconventional ways. Carbon nanotube (CNT) dispersed in composites are already known as broadband microwave absorbers [3, 4] . The absorption depends on the CNT orientation inside the polymer matrix of the composite [5] . Pure CNT squared arrays of vertical metal wires offer new solutions to tailor EM absorption in specific directions and frequency ranges, allowing control of the propagation of thermal and EM wavefronts along particular spatial directions. They are also expected to have a high and spatially anisotropic thermal conductivity (along the CNT axis). The higher vertical aligned CNT arrays' thermal conductivity is around 265 W/m K [6] . These CNT array structures are currently investigated as an alternative to cooling systems using circulation of fluids to drive dissipated thermal power outside a system. Also, periodic patterns of CNT can offer interesting potential in the field of photovoltaics and energy harvesting in the THz range [7] . Characteristic dimensions of the pattern can be adjusted in order to perfectly absorb the power around a given THz frequency, making the structure able to reemit at the same frequency, and act as a selective thermal emitter with enhanced control of the emissivity.
In this paper, we present the laser-etching post-process optimization used to obtain adequate micro-structured CNT brushes for such coupled EM/thermal application, assessed by some preliminary electromagnetic and thermal characterizations. The supported CNT brush is micro-patterned using a picosecond laser-etching system (model Oxford J-1064/355, Oxon, UK) to etch different patterns into the CNT brush: parallel trenches 50 or 100 μm wide, and 50 µm or 100 µm nano-pillars separated by 50 µm.
Experimental Section

CNT Brush Processing
The samples of multiwall CNT brushes are provided by Nanocyl SA Company (Sambreville, Belgium). They are fabricated using the growing of CNT with average length of 50 µm (with an average diameter of 50 nm) on a quartz (SiO2) substrate with a surface of 5 mm The pattern repeatability and accuracy of the laser-etching post-process can be controlled through the etching parameters and is dependent on the quality of the CNT brush-growing process (flatness/rugosity of the quartz substrate and adhesion strength of the CNT onto its surface). The resulting pattern is observed to be reproducible. The wavelength of the laser pulse is 355 nm. The spot diameter in the focal plane is close to 10 μm.
Laser Processing
The interaction between the laser pulse and the sample determines the resulting etch resolution. The different parameters are the scan rate and the pulse frequency, the scan repetition, the laser average power, and the focus offset during the etching post-processing (i.e., with an offset of 400 μm, the spot diameter resolution is 20 μm). Figure 4a-c show the SEM images of different etched CNT micro-pillars with a 100 µm × 100 µm expected size. Depending on the effective average power used, the pattern quality is highly modified. The darker zone in SEM images is the substrate. Some CNT are "burned" during the etch post-process on the sample (for 310 mW average laser power), as observed in Figure 4a ,b. This results in quite unformed micro-pillars or pillars with deformed CNT, as also observed in Figure 4a ,b. In Figure 4d , the expected micro-line length is 100 µm. Partial burn is observed. Reducing the average power allows for a well-defined structure as shown in Figure 4c , with intact CNT. The quality and the resolution of the pattern depend on the height of the CNT and limitations of our laser process. The height of the CNT array is fixed by the CVD process parameters. The power must be decreased when the CNT length is less than 50 µm in order to preserve the CNT structure. In the focus plane, the lowest etched surface has a diameter of 10 µm, and the final structures can have a minimal resolution of 10 µm, with a minimal period of 50 µm.
The CNT pattern can be obtained by other techniques. The table below compares three techniques (Table 2) : selective chemical vapor deposition (CVD) [9] , laser micromachining or dry micro-electro-discharge machining [10] [11] [12] . The best quality of the pattern is obtained by the selective CVD process [9] but this implies fixing the pattern prior to the growing of the CNT brush, and requires a good knowledge of the CVD process. Contrarily, the laser patterning [1] or the dry micro-electro-discharge patterning [10] [11] [12] can be used as post-process, depending on the desired pattern that can be adjusted/modified at will.
Results and Discussion
Thermal Preliminary Measurements
The thermography measurement setup consists in an NIR camera (model FLIR SC660, Meer, Belgium), and a thermal source (a thermal resistance in this case). The first thermal measurements were done to observe the difference of emissivity between the quartz and the etched pattern at constant temperature ( Figure 5 ). This allows us to obtain a reference measurement first in order to characterize in detail the anisotropic thermal diffusivity, thermal conductivity and EM properties of the material in the THz range of frequency. The emissivity (εtape) of a tape sample taken as reference is 0.95. From the equation
with Tsample, Tenvironement, and Ttape, respectively, being the sample, laboratory room, and tape temperatures. The calculated emissivities (εsample) are 0.9 for the CNT micro-pillars and 0.96 for the quartz in the 9-14 µm wavelength. Figure 6 shows an EM characterization performed in the sub-THz range (up to 110 GHz) in order to investigate the sensitivity of the EM polarization to the spatial anisotropy of the CNT brush, implying anisotropic electrical conductivity of the equivalent effective medium. The transmission of the EM wave through the CNT brush samples (patterned by laser micro-machining or otherwise) is measured for two different polarizations of the electric field, and normalized to the measurement for the same polarization made on a quartz sample without CNT brush. When the incident electric field E is parallel to the axis of the CNT (out-of-plane polarization, meaning E field normal to the plane of the quartz substrate), a significant attenuation of the signal is observed, being more pronounced when the brush is not patterned, in accordance with the higher density of CNT covering the sample in this latter case.
EM Characterization
When the E field is in the plane of the sample (i.e., perpendicular to the CNT main axis) normalized attenuation becomes insignificant (within ±0.5 dB), in accordance with the fact that no interaction occurs between the elongated conductive nanotubes and the incident electric field. Further analysis of the effect of patterning at higher frequency is under progress. Figure 7 shows a prediction of resonance absorption in the THz range, following the approach adapted from [13] for patterns of nanowires. The 50 µm × 50 µm squared CNT plot has a spatial anisotropy of its macroscopic permittivity expressed as:
where the z-axis is along the main axis of the nanotubes (i.e., normal to the plane of the quartz), p is the volumetric fraction of CNTs in the brush and εCNT is the permittivity of a single CNT, a function of its axial conductivity σCNT:
The equivalent volumetric conductivity of a single nanowire follows a Drude-like formalism as proposed in [14] = ( + )
with e being the electron charge, vF the Fermi velocity in the CNT (= 9.76 × 10 5 m/s), h the Planck constant, τ the relaxation time (=3 × 10 −12 s) and r the radius of the nanotube. Figure 7 shows that the CNT plot is able to focus/trap the electric field at dedicated THz frequencies, with resulting enhanced absorption induced by the conductivity of the CNT. Also the position and number of resonances over a given frequency range depend on the number of plots in the array, indicating that the resonances and resulting absorption windows can be tuned by the size and periodicity of the array, in accordance with resonance splits resulting from coupling between resonators. 
Conclusions
We are able to control the parameters to obtain the desired patterns by a laser-etching post-process. First thermal measurements were taken to observe the emissivities for constant temperature of measurement. Further measurements and simulations are in progress to obtain the thermal diffusivity, conductivity, and EM properties of the material in the GHz and THz range of frequency. According to the needs of space, railway, aeronautic and other applications requiring energy harvesting, the CNT arrays will be included inside multilayer structures and the properties will be measured up to the THz range.
